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Introduction {#cam4977-sec-0001}
============

Histone post‐translational modification is one of the epigenetic mechanisms controlling longevity and the development of various diseases, including tumors, in diverse organisms [1](#cam4977-bib-0001){ref-type="ref"}, [2](#cam4977-bib-0002){ref-type="ref"}. Histone protein acetylation and methylation are dynamic processes that change DNA accessibility and thus regulate gene expression by influencing chromatin structure [1](#cam4977-bib-0001){ref-type="ref"}, [2](#cam4977-bib-0002){ref-type="ref"}. Several types of acetylated histones, such as histone H3 lysine 9 (acH3K9), histone H4 lysine 5 (acH4K5) and histone H3 lysine 18 (acH3K18), have been identified, and their roles in different cellular processes have been gradually determined [3](#cam4977-bib-0003){ref-type="ref"}. Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are responsible for the balance of histone acetylation modification with physiological status. Three lysine methylation statuses have been identified, namely, mono, di, and trimethyl groups (me1/2/3) [4](#cam4977-bib-0004){ref-type="ref"}. Different lysine sites undergoing methylation correlate with either transcriptional activation, such as H3K4 [4](#cam4977-bib-0004){ref-type="ref"}, or transcriptional repression, such as H3K9 and H3K27 [5](#cam4977-bib-0005){ref-type="ref"}. Histone methylation might also promote DNA methylation, causing the further repression of the affected genes [1](#cam4977-bib-0001){ref-type="ref"}, [2](#cam4977-bib-0002){ref-type="ref"}. Lysine 4 of histone H3 is primarily methylated by the lysine (K)‐specific methyltransferase 2 (KMT2) family of enzymes [1](#cam4977-bib-0001){ref-type="ref"}, [2](#cam4977-bib-0002){ref-type="ref"}. H3K4 trimethylation (H3K4me3) is catalyzed by KMT2A complexes, also called COMPASS (complex of proteins associated with Set1)‐like complexes, which include catalytic subunits, such as MLL1 (mixed‐lineage leukemia 1), and multiple regulatory subunits for WDR5 (WD40 repeat‐containing protein 5), RBBP5 (retinoblastoma‐binding protein 5), ASH2 (absent, small or homoeotic discs 2) and DPY30 \[containing the WRAD subcomplex (WDR5‐ASH2‐RBBP5‐DPY30 complex)\] [6](#cam4977-bib-0006){ref-type="ref"}.

Butyrate and phenylbutyrate, inhibitors of the enzyme activities of HDACs, prevent the deacetylation of histone and therefore control gene expression. Being a short‐chain fatty acid, butyrate is metabolized by intestinal bacterial from soluble fibers that are produced by butyrate‐produced bacteria, by mammal cells through fatty acid oxidation and glucose metabolism although in much lower concentration and is also abundant in milk fat, plant oil, and butter [7](#cam4977-bib-0007){ref-type="ref"}. Accumulating evidence indicates that NaBu inhibits cell proliferation and induces the apoptosis of a variety of tumor cells [8](#cam4977-bib-0008){ref-type="ref"}, [9](#cam4977-bib-0009){ref-type="ref"}. Given the growth‐inhibiting and apoptosis‐inducing activities of NaBu in many tumor cells in vitro and in vivo, the clinical application of NaBu, alone or in combination with other anti‐cancer reagents, is restricted because of the absence of a detailed molecular mechanism [10](#cam4977-bib-0010){ref-type="ref"}. Therefore, a detailed examination of its molecular characterization and network of targets will benefit its clinical application. Here, 4PBA has potentially favorable effects on many diseases, including cancers, genetic metabolic syndromes, neuropathies, diabetes, and hemoglobinopathies [11](#cam4977-bib-0011){ref-type="ref"}, [12](#cam4977-bib-0012){ref-type="ref"}. Currently, 4PBA has been approved for the treatment of urea cycle disorders and is under investigation in cancers, hemoglobinopathies, motor neuron diseases, and cystic fibrosis clinical trials [13](#cam4977-bib-0013){ref-type="ref"}. Also, 4PBA is also used to treat ornithine transcarbamylase deficiency (OTCD) and a potential reagent with therapeutic effect in hyperbilirubinemia [13](#cam4977-bib-0013){ref-type="ref"}. These diverse functions that 4PBA exerts are due to its three important characteristics: ammonia scavenging, enabling the excretion of ammonia; chaperoning, rescuing conformational abnormalities of proteins; and histone deacetylase, inhibiting the regulation of gene expression. Interest in 4PBA is growing worldwide [1](#cam4977-bib-0001){ref-type="ref"}, [2](#cam4977-bib-0002){ref-type="ref"}, [13](#cam4977-bib-0013){ref-type="ref"}.

Thioredoxin‐interacting protein (TXNIP), which belongs to the arrestin family and is induced by various stimuli, interacts with and inhibits thioredoxin activity [14](#cam4977-bib-0014){ref-type="ref"}. By negatively regulating thioredoxin activity, TXNIP prevents the scavenging of the reactive oxygen species in the cell and provokes cellular oxidative stress, causing a variety of physiological responses, including cell proliferation and death [15](#cam4977-bib-0015){ref-type="ref"}. TXNIP suppresses tumor development, regulates glucose metabolism and the inflammatory signaling pathway, and controls gene expression as a transcriptional negative regulator by binding to the HDAC1 and HDAC3 proteins [16](#cam4977-bib-0016){ref-type="ref"}, [17](#cam4977-bib-0017){ref-type="ref"}, [18](#cam4977-bib-0018){ref-type="ref"}. However, the detailed molecular mechanism by which TXNIP mediates a variety of biological processes induced by HDAC inhibitors is not clearly understood.

Lung cancer is the leading cause of cancer death worldwide; in particular, non‐small‐cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer cases. Histone deacetylase inhibitors constitute a new and promising drug family with potential anticancer activity. To better understand their molecular mechanisms and to efficaciously prevent their side effects, we compared the response of A549 cells to NaBu and 4PBA at the cellular and molecular levels and found that TXNIP partially mediates the differential response of A549 cells to NaBu and 4PBA.

Materials and Methods {#cam4977-sec-0002}
=====================

Cell line, culture conditions and total RNA preparation {#cam4977-sec-0003}
-------------------------------------------------------

A549, a human non‐small‐cell lung carcinoma cell line, was grown in RPMI 1640 medium (GIBCO) with 10% fetal bovine serum (FBS) (GIBCO). HEK293T cells were grown in DMEM with 10% FBS. A549 and HEK293T cells were incubated with various concentrations of NaBu (Sigma, USA) or 4PBA (Sigma, USA) for the indicated times and concentrations. Total RNA was extracted from cultured cells, using the TRIzol method (Life‐Technologies, USA) according to the manufacturer\'s instructions. The RNA samples were quantified, using a spectrophotometer and visualized on an agarose gel for quality assurance.

Antibodies and reagents {#cam4977-sec-0004}
-----------------------

The primary antibodies that were used were rabbit anti‐histone H4 lysine 5 acetylation (\#9627, CST), rabbit anti‐lysine acetylation (ab190479; Abcam), rabbit anti‐histone H3 lysine 18 acetylation (AJ1357a; Abgent, USA), anti‐CyclinB1 (ab151269; Abcam), rabbit anti‐histone H4 lysine 9 acetylation (07‐352; Millipore), anti‐GAPDH (92590; Millipore, USA), anti‐CTGF (ab6992; Abcam, USA), mouse anti‐p21 (SC‐817; Santa Cruz), rabbit anti‐TXNIP (ab188865, Abcam,USA), goat anti‐gamma H2AX (Santa Cruz), mouse anti‐BST2 (ab88523; Abcam), rabbit anti‐Histone H3 lysine 4 trimethylation (07‐437; Millipore), rabbit anti‐Histone H3 trimethylation lysine 27 (07‐449; Millipore), rabbit anti‐Histone H3 trimethylation lysine 9 (07‐442; Millipore), and goat anti‐GFP (ab6673; Abcam). The secondary antibodies that were used were anti‐rabbit IgG‐HRP (ab191866 Abcam), anti‐mouse IgG‐HRP (ab193651 and ab193652; Abcam), donkey anti‐goat‐HRP (31400, Pierce), and DyLight 488 Goat Anti‐Rabbit (111‐055‐003, Jackson).

Establishment of stable TXNIP‐knockdown A549 cell line {#cam4977-sec-0005}
------------------------------------------------------

HEK293T cells (1 × 10^5 ^cells/mL) were seeded on 60 mm cell culture dishes 1 day before transfection. Transfection was performed using psi‐LVRH1GP‐shTXNIP (5 *μ*g) and an appropriate amount of the lentiviral package plasmids system with lipofectamine 3000 (Invitrogen, USA). After 72 h of transfection, the lentiviral particles were harvested by collecting and centrifuging the supernatant. A549 cells were infected with the above supernatant and screened for stable TXNIP‐knockdown cell clones by puromycin.

Microarray assays {#cam4977-sec-0006}
-----------------

A549 cells that had been treated with 5 mmol/L NaBu or 5 mmol/L 4PBA or vehicle for 24 h were immediately lysed with Trizol reagent (Invitrogen). The total RNA was extracted according to the manufacturer\'s instructions and digested with RNAse‐Free DNAse. The quality of the total RNA was tested and confirmed using an RD2000 (Genetech, Inc., Shanghai, China), and cDNA was synthesized using the GeneChip^®^ 3′ IVT Express Kit (Affymetrix, Inc., CA, USA). The microarray assay was performed by Genetech, Inc., using human Affymetrix GeneChip arrays (Affymetrix, Inc., USA). This chip covers the whole human genome with \>19,100 unique genes targeting a total of 45,281 transcripts. The results were analyzed using the cubic spline normalization method without background subtraction. Briefly, the biotinylated RNA was purified, fragmented, and used for hybridization. The microarray was prehybridized and hybridized, using the GeneChip hybridization, wash and staining kit (Affymetrix, Inc.) in a GeneChip hybridization oven. The hybridized microarray was washed in a fluidics station 450 system, and the step‐by‐step operations were controlled, using inbuilt AGCC control software (Affymetrix, Inc). The GeneChip Scanner 3000 (Affymetrix, Inc) was used for microarray scanning, and the resulting primary data in DAT format were transformed into CEL format, using the AGCC software. The Expression Console software was used for the Quality control of the primary data from the scanning the microarray, and Partek software was used for RMA processing and data analysis. Statistical significance cutoff levels were set for individual transcripts at *P *≤* *0.05 based on an ANOVA assay and fold change (upregulated or downregulated) ≥2 in the mRNA level; any transcript that met these thresholds was deemed differentially expressed. The results were submitted to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (GSE58571).

Vector construction {#cam4977-sec-0007}
-------------------

The promoter sequences of DTL, TXNIP, and CTGF were cloned using the genomic DNA extracted from A549 cells as a template with the primers pairs in Table [1](#cam4977-tbl-0001){ref-type="table-wrap"} and then inserted into pGL‐3Basic. The resulting plasmids were designated pDTL, pTXNIP, and pCTGF. The cloned sequences were confirmed by sequence. Regarding the GFP‐TXNIP protein expression vector construction, the sequence was cloned from cDNA that had been reverse‐transcribed from NaBu‐treated A549 cells using the primer pairs in Table [1](#cam4977-tbl-0001){ref-type="table-wrap"} and inserted into the pEGFP‐C3 vector that had been digested with the EcoRI and Xhol endonucleases. The resulting plasmid was designated GFP‐TXNIP. The TXNIP small interfering RNA expression vector was constructed by inserting the synthesized DNA sequence (Gaggtgtgtgaagttactc‐targeted ORF) into psi‐LVRH1GP.

###### 

Primer sequences and usage

  Gene and primer name                                                                         Usages and sequences
  -------------------------------------------------------------------------------------------- -----------------------------------------------
  Thymidylate synthetase (TS)                                                                  RT‐PCR Primers
  Forward primer                                                                               5′‐ACCAACCCTGACGACAGAAG‐3′
  Reverse primer                                                                               5′‐ATGCGGATTGTACCCTTCAA‐3′
  Histone cluster 1, H1c (HC1)                                                                 RT‐PCR Primers
  Forward primer                                                                               5′‐TCCAGTTCCCAGTGGGCCGTG‐3′
  Reverse primer                                                                               5′‐CGTTGCGGATGGCCAGCTGCA‐3′
  ISG15                                                                                        RT‐PCR Primers
  Forward                                                                                      5′‐TGTCGGTGTCAGAGCTGAAG‐3′
  Reverse                                                                                      5′‐GCCCTTGTTATTCCTCACCA‐3′
  Cbp/p300‐interacting transactivator, with Glu/Asp‐rich carboxy‐terminal domain, 2 (CITED2)   RT‐PCR/qPCR
  Forward                                                                                      5′‐CAGGAAGGTCCCCTCTATGTG‐3′
  Reverse                                                                                      5′‐GCGCCGTAGTGTATGTGCTC‐3′
  Connective tissue growth factor (CTGF)                                                       RT‐PCR/qPCR
  Forward                                                                                      5′‐TGACGAGCCCAAGGACCAAAC‐3′
  Reverse                                                                                      5′‐GGCTTGGAGATTTTGGGAGTAC‐3′
  Bone marrow stromal cell antigen 2 (BST2)                                                    RT‐PCR/qPCR
  Forward                                                                                      5′‐AAGGGCTTTCAGGATGTGGAG‐3′
  Reverse                                                                                      5′‐AGACGCGTCCTGAAGCTTATG‐3′
  Thioredoxin‐interacting protein (TXNIP)                                                      RT‐PCR/qPCR
  Forward                                                                                      5′‐TGGATCTGGTGGATGTCAATAC‐3′
  Reverse                                                                                      5′‐TCTGAGTCAGCACCTTGGTCTG‐3′
  Insulin‐Like Growth Factor Binding Protein 1 (ILGFBP‐1)                                      RT‐PCR
  Forward                                                                                      5′‐CGTGCAGGAGTCTGACGCCTC‐3′
  Reverse                                                                                      5′‐ACTCTCTACGACTCTGTAGAG‐3′
  Cell division cycle associated 5 (CDCA5)                                                     RT‐PCR
  Forward                                                                                      5′‐GCAGTCAGAAAGCCCATCGTC‐3′
  Reverse                                                                                      5′‐TCCAGCTCTCCTTCCTTGGAG‐3′
  Aurora kinase A (AKA)                                                                        RT‐PCR
  Forward                                                                                      5′‐AATATGCACCACTTGGAACAG‐3′
  Reverse                                                                                      5′‐TCCACCTTCTCATCATGCATC‐3′
  Cell division cycle 45 homolog (*S. cerevisiae*) (CDC45H)                                    RT‐PCR/qPCR
  Forward                                                                                      5′‐AGTTCCCGCCTATGAAGACATC‐3′
  Reverse                                                                                      5′‐GCCAGCTCAAACATCACCATG‐3′
  Cell division cycle 25 homolog C (*S. pombe*) (CDC25H)                                       RT‐PCR/qPCR
  Forward                                                                                      5′‐TGTAGCACTCCGAATGGTTTG‐3′
  Reverse                                                                                      5′‐CGATATAGGCCACTTCTGCTC‐3′
  Aurora kinase B (AKB)                                                                        RT‐PCR
  Forward                                                                                      5′‐ATCAGCTGCGCAGAGAGATCGAAA‐3′
  Reverse                                                                                      5′‐CTGCTCGTCAAATGTGCAGCTCTT‐3′
  Chemokine (C‐X‐C Motif) Ligand 5(CL5)                                                        RT‐PCR
  Forward                                                                                      5′‐TGCTGCTGCTGACGCAGCCAG‐3′
  Reverse                                                                                      5′‐TTCCTTCCCGTTCTTCAGGGA‐3′
  Denticleless homolog (Drosophila) (DTL)                                                      RT‐PCR
  Forward                                                                                      5′‐AGACGAGAATACCTTAGTCTC‐3′
  Reverse                                                                                      5′‐ TAGAGTTCTGGTGTCCATTG‐3′
  Ubiquitin‐conjugating enzyme E2C (UCEE2C)                                                    RT‐PCR
  Forward                                                                                      5′‐GGACCATCCATGGAGCAGCTG‐3′
  Reverse                                                                                      5′‐TGGAGAGCAGAATGGTCCTGA‐3′
  Mitogen‐activated protein kinase 4 (MAPK4)                                                   RT‐PCR
  Forward                                                                                      5′‐GATCGTTGATCAGCATTACTC‐3′
  Reverse                                                                                      5′‐CAGCTCGTCCTTGTCTTCCTC‐3′
  Cyclin‐dependent kinase 1 (CDK1)                                                             RT‐PCR
  Forward                                                                                      5′‐TGGTCAGTACATGGATTCTTC‐3′
  Reverse                                                                                      5′‐TGTCAACTGGAGTTGAGTAAC‐3′
  Annexin A13 (AXA13)                                                                          RT‐PCR
  Forward                                                                                      5′‐AGGTCCTGTGCACGAGGACCA‐3′
  Reverse                                                                                      5′‐CCAACGCAAGCTCATCAGTGC‐3′
  Cell Division Cycle Associated 8 (CDCA8)                                                     RT‐PCR
  Forward                                                                                      5′‐TCTGAAAGACTTCGACCGTGA‐3′
  Reverse                                                                                      5′‐ATTTCATCTACCTGTATTACC‐3′
  SPC25, NDC80 kinetochore complex component, homolog (*S. cerevisiae*) (SPC25)                RT‐PCR
  Forward                                                                                      5′‐TGACTGCAAATATCCAGGATC‐3′
  Reverse                                                                                      5′‐TTCTTAGGGTCAATATTAGTG‐3′
  E2F transcription factor 7 (E2FIT7)                                                          RT‐PCR
  Forward                                                                                      5′‐TGTCACTCTGGATGTGGCTGC‐3′
  Reverse                                                                                      5′‐GCACAGACTTGAATCTGGCCA‐3′
  RAS p21 protein activator 4 (RASp21PA4)                                                      RT‐PCR
  Forward                                                                                      5′‐GGAATGAGACGTTTGAATTTG‐3′
  Reverse                                                                                      5′‐AGCTGCAAGGAGCCCAGGTTG‐3′
  Cyclin B1 (CCNB1)                                                                            RT‐PCR/qPCR
  Forward                                                                                      AACCTCCAAGCCCGGACTGAGG
  Reverse                                                                                      GCTCAGGTTCTGGCTCAGGTTC
  TXNIP promoter assay                                                                         Luciferase reporter gene vector construction
  pTXNIP‐FP1                                                                                   5′‐CGGCCGCTCGAGATGGCCCGGGCTGGTATTGGGGT‐3′
  pTXNIP‐RP1                                                                                   5′‐CCCAAGCTTTAAGGTATTCTTAAGCAGTTTGAGC‐3′
  DTL promoter assay                                                                           Luciferase reporter gene vector construction
  pDTL‐FP1                                                                                     5′‐CGGGGTACCGCTATGGAAATCAAATGAATCGC‐3′
  pDTL‐RP1                                                                                     5′‐CGGCCGCTCGAGGAAAAGTCGTAGAAATGCCTCC‐3
  CTGF promoter assay                                                                          Luciferase reporter gene vector construction
  CTGF‐p‐FP‐Xhol1                                                                              5′‐CGGCCGCTCGAGACGCGTCTTTGTTCTCTTTCTTGTCCC‐3′
  CTGF‐p‐RP‐HindIII                                                                            5′‐GCAAGCTTCTGTCGTCTCGGGGCTGTCGGCCG‐3′
  GFP‐TXNIP expression vector                                                                  GFP‐TXNIP overexpression vector construction
  GFP‐TXNIP‐Xhol‐FP                                                                            5′‐GCCTCGAGATGGTGATGTTCAAGAAGATCAAGT‐3′
  GFP‐TXNIP‐EcoRI‐RP                                                                           5′‐GCGAATTCGCTCACTGCACATTGTTGTTGAGGAT‐3′
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RT‐PCR and qRT‐PCR {#cam4977-sec-0008}
------------------

RT‐PCR was carried out using a two‐step strategy: cDNA was generated using a Reverse Transcription kit (Thermo Scientific, USA) in the first step. Then, using gene‐specific primer sets, RT‐PCRs were carried out using the designated cDNA as a template. Glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) was used for internal normalization. The sequences of the forward and reverse primers used for RT‐PCR are given in Table [1](#cam4977-tbl-0001){ref-type="table-wrap"}. Real‐time qPCR was performed in an ABI single‐color real‐time PCR detection system, using SYBR Green supermix (Takara, Daliang China). The primer sequences that were used for qPCR are listed in Table [1](#cam4977-tbl-0001){ref-type="table-wrap"}. These primers were synthesized by Sangong Biotech Co., Ltd. (Shanghai, China). The cycling conditions were as follows: step 1: 95°C for 10 min; step 2: 40 cycles of 94°C for 10 sec and 60°C for 30 sec; and step 3: 72°C for 10 min. The annealing temperature was modified based on the characterization of the specific gene primers. The relative expression levels of the genes were calculated, using the 2^−ΔΔC^T method using *β*‐actin mRNA as an internal control.

Glucose concentration measurement {#cam4977-sec-0009}
---------------------------------

To investigate the glucose consumption of cells undergoing NaBu or 4PBA treatment, we measured the glucose concentration in the medium, using a blood glucose monitoring system containing a blood glucose meter and glucose test strips (Wetrust, China). The protocol was strictly based on the manufacturer\'s instructions. Briefly, the blood glucose test strips were inserted into the meter before measurement. Then, 5 *μ*L of medium was placed onto the strips for 6 sec, and the result was then obtained from the meter.

Western blotting {#cam4977-sec-0010}
----------------

For the protein expression assay, the target cells were harvested and washed twice with cold PBS. The cell pellets were then resuspended in ice cold 1× NP‐40 lysis buffer containing complete protease inhibitors (Roche, USA) for three liquid nitrogen/37°C cycles to lyse the cells. The supernatants were obtained by centrifuging the above lysates at 13,000*g* for 15 min at 4°C, and their total protein concentrations were determined by a Bio‐Rad protein assay, using Dye Reagent (BioRad, USA). Then, the samples were subjected to SDS‐PAGE under reducing conditions and then transferred onto PVDF membranes (BioRad, USA). The blotted membranes were then blocked with specific buffers or 5% nonfatty milk and probed with the designated primary antibodies (4°C, Overnight) depending on the experiment. The secondary HRP‐conjugated antibodies were incubated at room temperature (RT) for 1--2 h, and the membranes were washed at least 4 times with TBST buffer. Finally, the immunoreactive proteins were visualized using enhanced chemiluminescence (ECL, BioRad).

Flow cytometric apoptosis assay {#cam4977-sec-0011}
-------------------------------

To measure the annexin V binding and propidium iodide (PI) staining of A549 cells, cells (10^6^ cells) that had been treated with NaBu or 4PBA, the cells were harvested and stained with FITC‐labeled annexin V and PI (Molecular Probes, Eugene, OR) as specified by the supplier. Briefly, A549 cells (1 × 10^6^) in 6‐well cell culture plates were cultured overnight as indicated and then treated with 5 mmol/L NaBu or 4PBA or a negative control, washed, and stained with PI and annexin V‐FITC in the annexin‐binding buffer. Thereafter, the cells were analyzed within 1 h using CellQuest software (BD Biosciences, San Jose, CA) by FACSCalibur. Data from 10^6^ cells were analyzed for each sample.

Detection of caspase‐3/7 activity {#cam4977-sec-0012}
---------------------------------

The enzymatic activity of caspase‐3/7 was measured, using the Caspase‐Glo 3/7 Assay kit (Promega, Shanghai, China) according to the manufacturer\'s instruction. Briefly, cells were seeded on 96‐well plates and treated with or without 5 mmol/L 4PBA or NaBu for 48 h. Then, the cells were lysed and incubated with 100 *μ*L of Apo‐ONE Caspase‐3/7 reagent. After 1 h of incubation in the dark at RT, the fluorescence of each well was measured at 485--520 nm by reading in an Epoch microplate reader (BioTek Instruments; Winooski, VT).

Detection of the mitochondrial superoxide levels {#cam4977-sec-0013}
------------------------------------------------

To measure the mitochondrial superoxide generation in living cells, we used MitoSOX^™^ Red mitochondrial superoxide indicator (M36008; Life Technology), a fluorogenic dye that is live‐cell permeant and is rapidly and selectively targeted to the mitochondria. Once in the mitochondria, MitoSOX Red reagent is oxidized by superoxide and exhibits bright red fluorescence upon binding to nucleic acids. Briefly, the cells were pretreated with 4PBA or NaBu at the designated concentration and duration. The cells were then washed with fresh medium and then incubated in medium‐containing MitoSOX Red (5 *μ*mol/L) and 4PBA or NaBu for a further 30 min at 37°C in the dark. The cells were washed with fresh serum‐free medium, and following washing, the fluorescence intensity of the cells was measured by a Flow cytometric assay.

Statistical analysis {#cam4977-sec-0014}
--------------------

All of the data were analyzed, using GraphPad prism 5 software and are represented as the mean ± SD. Data from multiple groups were quantified, using a one‐way ANOVA or Student\'s *t*‐test, and comparisons of the two groups were quantified by Student\'s *t*‐test.

Results {#cam4977-sec-0015}
=======

Comparative analysis of A549 cells in response to NaBu or 4PBA {#cam4977-sec-0016}
--------------------------------------------------------------

The inhibitory effect of butyrate on cancer cell growth is mainly attributed to its function as a histone deacetylase inhibitor that alters the expression of many genes with diverse functions, including cell proliferation, apoptosis, and differentiation [19](#cam4977-bib-0019){ref-type="ref"}, [20](#cam4977-bib-0020){ref-type="ref"}. As a derivative of butyrate, 4‐phenylbutyrate also plays multifaceted roles in many cellular processes. Therefore, we designed experiments to examine the ability of these two inhibitors to induce the death A549 cells, a non‐small‐cell lung cancer cell line. We treated A549 cells with 5 mmol/L NaBu, or 5 mmol/L 4PBA for 72 h and then stained them with DAPI, a nuclear, specific fluorescence dye. We found that both inhibitors can significantly prevent A549 cell proliferation and promote cell death; moreover, NaBu‐treated A549 cells showed a lower proliferation and cell viability compared to those of 4PBA‐treated cells (Fig. [1](#cam4977-fig-0001){ref-type="fig"}A). Furthermore, we detected cell viability after treatment with 2 mmol/L or 5 mmol/L NaBu or 4PBA for 24, 48 or 72 h via MTT and found that 2 mmol/L 4PBA caused no significant change in cell viability at the designated time points, while 5 mmol/L decreased cell viability at 72 h. There was a significant decrease in cell viability after treatment with 2 mmol/L or 5 mmol/L NaBu for 48 or 72 h (Fig. [1](#cam4977-fig-0001){ref-type="fig"}B). An apoptosis assay on 4PBA‐ and NaBu‐treated A549 cells was performed, using an Annexin V‐FITC and PI‐double‐staining kit and FACS. The results showed that both inhibitors can prevent A549 cell proliferation and induce cell death; the average values were approximately 4% for necrosis, 8.2% for both necrosis and apoptosis, and 1.5% for apoptosis in 4PBA‐treated cells and approximately 12% for necrosis, 16% for both necrosis and apoptosis, and 4% for apoptosis in NaBu‐treated cells (Fig. [1](#cam4977-fig-0001){ref-type="fig"}C and D). To further explore the underlying molecular mechanisms, we characterized the gene expression patterns after NaBu or 4PBA treatment, using a gene expression microarray. We used approximately 45,281 transcript sequences as probes, and of these, 5406 were identified as being significantly differentially expressed (*P* \< 0.05), with a greater than 1.5‐fold change in expression between the NaBu‐treated group and the control group, while only 1961 such transcripts were identified for the 4PBA‐treated group (Fig. [1](#cam4977-fig-0001){ref-type="fig"}E and F). The detailed results were submitted to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (GSE86928). Interestingly, NaBu greatly repressed the expression of genes involved in the cell cycle, but 4PBA had no or a slightly repressed effect (Fig. S1 and S2). We found that the transcriptional levels of transcripts of the *arrestin domain containing* family were upregulated, particularly those of *arrestin domain containing 4* and *TXNIP*, which were highly induced by NaBu (20‐ to 50‐fold), but slightly induced by 4PBA (approximately twofold). Of the 1961 transcripts, more than 120 transcripts were significantly changed (approximately fourfold) in the 4PBA‐treated group than in the control group, and more than 400 transcripts were significantly changed in the NaBu‐treated group than in the control group (Fig. S1 and S2). The *ankyrin repeat domain 22*,*four and a half LIM domains 1*,*perilipin 2*,*interleukin 8*,*peroxidasin homolog (Drosophila)*,*protein phosphatase 1*,*regulatory (inhibitor) subunit 1C*,*doublecortin‐like kinase 1*,*brain expressed, associated with NEDD4 and 1*,*stanniocalcin 1*,*S100 calcium‐binding protein A9*,*cellular retinoic acid‐binding protein 1, nephroblastoma overexpressed gene,* and *thymosin beta 15A* transcripts were all upregulated in 4PBA‐treated A549 cells. Because TXNIP is a negative regulator of glucose uptake [17](#cam4977-bib-0017){ref-type="ref"}, we compared the glucose consumption in A549 cells stably expressing shTXNIP and shScramble undergoing NaBu, 4PBA or vehicle treatment. The results showed that in wild type, both NaBu and 4PBA can decrease the glucose consumption compared to the vehicle control. In TXNIP‐knocked down A549 cells, glucose consumption under both NaBu and 4PBA stimulation also decreased compared to that under vehicle control. Interestingly, at 72 h, the glucose consumption in both NaBu‐ and 4PBA‐treated cells was the same as that in the wild type, but in TXNIP‐knockdown cells, the glucose consumption was significantly different (Fig. [1](#cam4977-fig-0001){ref-type="fig"}G). These results suggest that in A549 cells, NaBu and 4PBA cause different cellular and molecular responses.

![Comparative analysis of the response of A549 cells to NaBu or 4PBA treatment. (A) A549 cells were seeded on 6‐well cell culture plates and exposed to 5 mmol/L NaBu or 4PBA or vehicle (C~*t*~) for 72 h; the cell nucleus was stained with DAPI (blue). (B) A549 cells were seeded on 96‐well cell culture plates and incubated with NaBu (5 mmol/L or 2 mmol/L) or 4PBA (5 mmol/L or 2 mmol/L) or vehicle (C~*t*~) for the designated durations; then, the cell viability was analyzed using an MTT assay. (C) A549 cells were seeded on 6‐well cell culture plates, treated with 5 mmol/L NaBu or 5 mmol/L 4PBA for 16 h and harvested for Annexin V‐FITC and propidium iodide analysis via Flow cytometry. The results show the annexin V (*x*‐axis) and propidium iodide (*y*‐axis) levels. (D) The results of three replications of Flow cytometry are shown in the table assayed from (C, E), A549 cells were treated with 5 mol/L NaBu, 5 mol/L 4PBA or negative control for 24 h. Then, the cells were harvested for total RNA extraction with TRIzol reagent and used for a gene microarray assay, using the Affymetrix GeneChip 3′ IVT Express Kit. The heatmap shows all of the differentially expressed transcripts with a 1.5‐fold change (*P* \< 0.005). The microarray Gene expression data were log2 transformed and then quantile normalized prior to generating the Heatmap for a direct comparison of the data. The differentially expressed transcripts (red or green indicate upregulated or downregulated, respectively) in each sample were mapped by lane for A549 cells under NaBu, 4PBA or negative control treatments. (F) Table shows the number of transcripts that changed by more than twofold under the NaBu/Ct, 4PBA/Ct or NaBu/4PBA treatment; the number of transcripts associated with the cell cycle that changed by twofold; and the number of transcripts that changed fold only in 4PBA. (G) Glucose consumption was measured using a blood detection system by placing the medium onto the strips for 6 sec after the designated treatment. The results in all of the histograms are the means ± S.D. for three independent experiments. C~*t*~, control; 4PBA, sodium phenylbutyrate; NaBu, sodium butyrate.](CAM4-6-424-g001){#cam4977-fig-0001}

RT‐PCR, qPCR, western blot and reporter gene assays were consistent with the microarray data {#cam4977-sec-0017}
--------------------------------------------------------------------------------------------

Because we did not have 2--3 biological replications for the microarray assay, we performed many other validation experiments to confirm the quality of the data that were obtained from the microarray assay. We randomly selected 33 genes for further validation by RT‐PCR. The RT‐PCR data were almost identical to the microarray data (Fig. [2](#cam4977-fig-0002){ref-type="fig"}A). Several genes were selected for a qRT‐PCR assay to further verify the quality of the microarray data. As expected, the results from the qRT‐PCR were also consistent with those from the microarray analysis (Fig. [2](#cam4977-fig-0002){ref-type="fig"}B). A western blot was used to validate the expression changes that were detected in the microarray, and consistent results were also obtained (Fig. [2](#cam4977-fig-0002){ref-type="fig"}C). We further selected two genes for a promoter activities assay by inserting the promoter sequences into the luciferase reporter system. The promoter activities of CTGF increased twofold under NaBu treatment and showed no obvious change under 4PBA treatment. The promoter activities of DTL decreased by 30% under NaBu treatment and showed no obvious change under 4PBA treatment compared to those under the vehicle control treatment (C~*t*~) (Fig. [2](#cam4977-fig-0002){ref-type="fig"}D and E). The luciferase assay results were consistent with the transcriptional data for both DTL and CTGF. The above experiments demonstrate that the microarray data are accurate and can be used for future experiments.

![Results of RT‐PCR, qPCR, western blot and reporter gene assays were consistent results with the microarray data. (A) A549 cells were treated with NaBu and 4PBA via the same process as for the gene expression microarray, and the total RNAs were extracted with TRIzol for cDNA synthesis. RT‐PCR was performed with the designated primers listed in Table [1](#cam4977-tbl-0001){ref-type="table-wrap"} and with an equal amount of cDNA as a template. (B) qRT‐PCR was performed with the same cDNA as in B and with the primers provided in the SYBR green kit. (C) Western blotting was performed after the same treatment as in A with the designated antibodies for CTGF, BST2, ISG15, CCNB1, Sirt1, and GAPDH. (D) Promoter activity assays were performed to analyze the transcriptional activities after treatment with NaBu or 4PBA. The promoters of DTL and CTGF were amplified from the A549 cell genomic DNA and cloned into pGL‐3Basic. The resulting vectors were cotransfected into 293T along with the reference vector Renilla luciferase for 12 h and then treated with NaBu, 4PBA or vehicle for another 24 h. The cells were incubated for 24 h and analyzed for luciferase activity with the Dual‐Luciferase Assay System (Promega). Firefly luminescence was normalized to Renilla luminescence and reported as relative luciferase activity. All of the experiments were performed in triplicate and repeated at least three times. The results in all of the histograms are the means ± S.D. for three independent experiments. C~*t*~, control; 4PBA, sodium phenylbutyrate; NaBu, sodium butyrate; Ept‐vec, p‐GL‐3Basic; pCTGF, p‐GL‐3Basic‐CTGF promoter; pDTL, p‐GL‐3Basic‐DTL promoter.](CAM4-6-424-g002){#cam4977-fig-0002}

TXNIP is involved in NaBu‐ but not 4PBA‐induced cell death or caspase 3/7 activation {#cam4977-sec-0018}
------------------------------------------------------------------------------------

From the microarray data, we discovered that the transcription of the TXNIP gene in A549 cells was highly induced by NaBu treatment (\>30‐fold) (Fig. S1). This finding prompted us to further investigate the role of TXNIP in NaBu‐induced A549 cell death. We first measured its protein level by cell immunostaining after 12 h of NaBu or 4PBA treatment. As shown Figure [3](#cam4977-fig-0003){ref-type="fig"}A, the TXNIP protein, which is localized to the nucleus, is obviously upregulated after NaBu treatment, but not 4PBA treatment (Fig. [3](#cam4977-fig-0003){ref-type="fig"}A). The western blot results further confirm the TXNIP expression trends under NaBu and 4PBA treatments (Fig. [3](#cam4977-fig-0003){ref-type="fig"}B). Then, we cloned the promoter fragment of the TXNIP gene into the pGL‐3Basic luciferase reporter vector and analyzed its promoter activities after NaBu or 4PBA treatment via the Dual‐Luciferase^®^ Reporter Assay System. The results show that the NaBu treatment caused a greater than 10‐fold increase in the relative luciferase activities; in contrast, 4PBA treatment only caused a slight increase (Fig. [3](#cam4977-fig-0003){ref-type="fig"}C). Because TXNIP is also involved in cell proliferation and apoptosis, we then measured the cell viability and caspase 3/7 activities under TXNIP overexpression or shRNA‐mediated TXNIP knockdown. The cell viability was determined by the MTT assay. Compared to negative control (C~*t*~) shNC cells, in TXNIP‐knockdown A549 cells, only the NaBu treatment induced significantly higher levels of cell viability (Fig. [3](#cam4977-fig-0003){ref-type="fig"}D) and lower levels of caspase 3/7 activity (Fig. [3](#cam4977-fig-0003){ref-type="fig"}E). The efficiency of TXNIP knockdown was assessed by western blot (Fig. [3](#cam4977-fig-0003){ref-type="fig"}H). As expected, TXNIP overexpression enhanced caspase 3/7 activity (Fig. [3](#cam4977-fig-0003){ref-type="fig"}G) and further decreased cell viability in response to NaBu (2 mmol/L), but not to 4PBA treatment (Fig. [3](#cam4977-fig-0003){ref-type="fig"}I). The TXNIP protein expression level was also confirmed by western blot (Fig. [3](#cam4977-fig-0003){ref-type="fig"}F and J). These results indicate that TXNIP might play a basal role in NaBu‐induced caspase 3/7 activation and cell death.

![TXNIP is involved in NaBu‐induced cell death and caspase 3/7 activation. (A) A549 cells were treated with 2.5 mmol/L NaBu, 2.5 mmol/L 4PBA or vehicle (C~*t*~) for 12 h and then were used for immunofluorescence staining with anti‐TXNIP (Green); the cell nucleus was counterstained with DAPI (blue). (B) A549 cells were treated with 2 mmol/L NaBu or 4PBA for the designated durations and harvested for a western blot assay with anti‐TXNIP antibody. GAPDH was used as a loading control. Long, long exposure, short, short exposure. (C) TXNIP promoter was PCR‐amplified from A549 genomic DNA and inserted into pGL‐3Basic. The methods of analysis and data generation are the same as those in Figure [2](#cam4977-fig-0002){ref-type="fig"}D. (D, E, H) A549 cells stably expressing shTXNIP or shScramble (sh‐NC) were constructed. The above cells were treated with 5 mmol/L NaBu or 4PBA or vehicle (C~*t*~) for 24 h and then used to measure cell proliferation (MTT assay) (D) or caspase 3/7 activity (E). The shTXNIP knockdown efficiency was confirmed by a western blot (F). shTXNIP represents the TXNIP knockdown vector, shNC represents the scramble control; and \*represents *P* \< 0.05. (G--H) A549 cells were seeded on 6‐well cell culture plates 1 day before transfection and then transfected with empty vector or GFP‐tagged TXNIP vector. After 24 h of transfection, the cells were treated with 2 mmol/L NaBu or 4PBA or vehicle (0 mmol/L) for another 24 h then used for MTT assay (G), and TXNIP expression was confirmed by a western blot assay (H). (I--J) A549 cells were seeded on 6‐well cell culture plates 1 day before transfection and then transfected with empty vector or GFP‐tagged TXNIP vector via lipofectamine 3000 reagent. After 24 h of transfection, the cells were used for a caspase 3/7 activity assay (I) and a western blot assay (J). The results in all of the histograms are the means ± S.D. for three independent experiments. C~*t*~, control; 4PBA, sodium phenylbutyrate; NaBu, sodium butyrate; Vector, corresponding empty vector. The red arrow indicates TXNIP expression.](CAM4-6-424-g003){#cam4977-fig-0003}

Though both NaBu and 4PBA enhance the level of acH4K5, acH3K9, acH3K18, and H3K4me3 modification in A549 cells, TXNIP only modulates NaBu‐induced acH4K5 and H3K4me3 modifications {#cam4977-sec-0019}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Gene expression can be altered by remodeling the chromatin structure and by histone modification [3](#cam4977-bib-0003){ref-type="ref"}. As inhibitors of HDACs, NaBu and 4PBA are capable of changing histone modifications [7](#cam4977-bib-0007){ref-type="ref"}, [11](#cam4977-bib-0011){ref-type="ref"}. We therefore investigated the histone modifications in A549 cells under NaBu or 4PBA treatment. The results showed that both NaBu and 4PBA could enhance the total histone acetylation (upregulation more than threefold for NaBu and less than twofold for 4PBA), histone H4 lysine 5 acetylation (acH4K5) (upregulation close to ninefold for NaBu and fivefold for 4PBA), histone H3 lysine 9 acetylation (acH3K9) (upregulation close to threefold for both NaBu and 4PBA), histone H3 lysine 18 acetylation (acH3K18) (upregulation more than twofold for both NaBu and 4PBA) and histone H3 lysine 4 trimethylation (H3K4me3) (upregulation close to sevenfold for NaBu and sixfold for 4PBA), but histone H3 lysine 9 trimethylation (H3K9me3) and histone H3 lysine 27 trimethylation (H3K27me3) were not affected by treatment with either NaBu or 4PBA compared to the control (Fig. [4](#cam4977-fig-0004){ref-type="fig"}A and B). Because TXNIP expression is greatly upregulated in NaBu‐treated A549 cells and it also binds to HDAC1/3, we detected the histone modification in A549 cells stably expressing shTXNIP and scrambled shRNA (shNC) after treatment with NaBu or 4PBA for the designated time points and concentration. We found that acH4K5 (upregulation close to twofold) and H3K4me3 (upregulation more than twofold) were enhanced in TXNIP‐knockdown A549 cells when treated with NaBu, but not with 4PBA (Fig. [4](#cam4977-fig-0004){ref-type="fig"}C and D). Here, shRNA‐mediated TXNIP knockdown efficiency was confirmed by western blot (Fig. [4](#cam4977-fig-0004){ref-type="fig"}E). Because WDR5 is associated with H3K4me3 modification, we measured its expression after TXNIP knockdown. As shown in Figure [4](#cam4977-fig-0004){ref-type="fig"}F and H, the WDR5 protein expression increased more than twofold in TXNIP‐knockdown cells after NaBu treatment, but not after 4PBA treatment. These results indicate that TXNIP can mediate NaBu‐induced acH4K5 and H3K4me3.

![Though both NaBu and 4PBA enhance acH4K5, acH3K9, acH3K18 and H3K4me3 modification, TXNIP only modulates NaBu‐induced acH4K5 and H3K4me3 modification. (A, B) NaBu and 4PBA enhanced histone modification. A549 cells were treated with 2 mmol/L NaBu or 4PBA or vehicle for 24 h and then harvested for nuclear protein isolation. Western blotting was used to detect different types of histone modifications with the designated antibodies in the Figure. H3 was used as the loading control (A). Western blotting was performed three times, and the results are shown in gray. The relative intensity of each type of histone modification was normalized against the loading control H3 with an untreated control standardized to 1.0 (B). C, D: TXNIP knockdown promotes NaBu, but not 4PBA‐mediated acH4K5 and H3K4me3. A549 cells stably expressing shRNA‐mediated TXNIP knockdown and its shNC negative control (wild type) were treated with NaBu (2 mmol/L), 4PBA (2 mmol/L) or vehicle for 24 h. Then, the cells were used to detect histone modifications (C). Western blotting was performed three times, and the results are shown in gray. The relative intensity of each type of histone modification was normalized against the loading control H3 with an untreated control standardized to 1.0. The ratio of knockdown (KD)/negative control (WT) was used to determine the relative change of each type of histone modification (D). (E) The shTXNIP knockdown efficiency was confirmed by a western blot. (F--H) WDR5 and H3K4me3 expression was analyzed by a western blot assay in TXNIP‐knockdown cells (F), and the grey values were used to quantify the relative protein levels of WDR5 and H3K4me3 from three replicates of the western blot data (H).Histone H4 lysine 5 acetylation (acH4K5), H3 lysine 9 acetylation (acH3K9) and H3 lysine 18 acetylation(acH3K18), Histone H3 trimethylation lysine 4 (H3K4me3), Histone H3 trimethylation lysine 27 (H3K27me3) and Histone H3 trimethylation lysine 9 (H3K9me3). H3 was used for the reference control. The error bars represent the S.D. of three independent experiments. \*represents *P* \< 0.05.](CAM4-6-424-g004){#cam4977-fig-0004}

TXNIP mediates NaBu‐ but not 4PBA‐induced mitochondrial superoxide and cell death {#cam4977-sec-0020}
---------------------------------------------------------------------------------

Acting as an intracellular second messenger, ROS mediates a variety of cellular events and causes numerous diseases, such as neurological disorders [7](#cam4977-bib-0007){ref-type="ref"} and cancers [21](#cam4977-bib-0021){ref-type="ref"}, when it is disordered. Superoxide is the initial ROS and major byproduct of complex I and complex III of the electron transport chain during mitochondrial ATP synthesis [22](#cam4977-bib-0022){ref-type="ref"}. Here, we detected mitochondrial superoxide generation in A549 cells that had been transfected with the GFP‐TXNIP vector or its corresponding vector control under NaBu or 4PBA treatment, using the MitoSOX^™^ Red mitochondrial superoxide indicator for live‐cell imaging (MitoSOX Red) (M36008, Invitrogen) by FACS. The average fluorescence value increased to 80,000 after TXNIP overexpression compared to that of the vector control group, in which the average fluorescence value was \<60,000 (Fig. [5](#cam4977-fig-0005){ref-type="fig"}A). NaBu treatment obviously increased the average fluorescence intensity for both cells expressing TXNIP (more than 180,000) or empty vector control cells (close to 120,000), and 4PBA treatment also increased the average fluorescence intensity by slightly more than 100,000 for the empty vector and close to 180,000 for TXNIP overexpression (Fig. [5](#cam4977-fig-0005){ref-type="fig"}A, top panel). The above results indicate that mitochondrial superoxide can be induced by NaBu, 4PBA, and TXNIP. TXNIP expression was confirmed by an immunoblot (Fig. [5](#cam4977-fig-0005){ref-type="fig"}A, bottom panel). On the other hand, a 3.5‐fold increase in the relative average fluorescence in A549 cells expressing shTXNIP was observed compared to that in those expressing shNC when treated with NaBu, but there was no observable change under 4PBA treatment (Fig. [5](#cam4977-fig-0005){ref-type="fig"}B). To determine whether mitochondrial superoxide mediates NaBu‐ or 4PBA‐induced cell death in TXNIP‐knockdown cells, we used the mitochondrial superoxide inhibitor antimycin, which inhibits complex III activity. The results show that antimycin treatment restored by almost 40% the cell viability in both shTXNIP and shNC cells under 4PBA treatment (Fig. [5](#cam4977-fig-0005){ref-type="fig"}C); however, the OD values of cells expressing shNC and shTXNIP were 0.25 and 0.45, respectively, indicating that TXNIP can sensitize the A549 cells to NaBu treatment. Antimycin treatment also restored the OD values to 0.44 and 0.67 for shNC and shTXNIP, respectively, indicating that mitochondrial superoxide plays a role in the induction of cell death caused by NaBu. While mitochondrial superoxide is partially involved in cell death induced by NaBu or 4PBA, other pathways might also contribute to this process. Therefore, we further observed the relationship between TXNIP knockdown and P21 expression or DNA damage under NaBu or 4PBA treatment. We found that under TXNIP knockdown, NaBu treatment increased P21 expression, but decreased the expression of γH2AX, a marker of DNA damage. Thus, TXNIP might exert its role in NaBu‐induced death by changing mitochondrial superoxide production, regulating P21 expression and the DNA damage response.

![TXNIP mediates NaBu‐ but not 4PBA‐induced mitochondrial superoxide and cell death. (A) A549 cells were transfected with pEGFP‐C3 (Emp‐V) or pEGFP‐C3‐TXNIP (GFP‐TXNIP) with lipofectamine 3000. After 24 h of transfection, the above cells were pretreated with 5 mmol/L 4PBA or NaBu for another 24 h. The cells were then washed with fresh medium and incubated in medium containing MitoSOX Red (5 *μ*mol/L) and 4PBA or NaBu for a further 30 min at 37°C in the dark. The cells were washed with fresh serum‐free medium, and following washing, the fluorescence intensity of the cells was measured by flow cytometric analysis with wavelengths of Excitation/Emission of 510/580 nm. GFP‐TXNIP expression was detected by a western blot assay (bottom panel). (B) A549 cells stably expressing shTXNIP or shScramble (sh‐NC) were seeded on 6‐well culture plates before treatment with NaBu (5 mmol/L), 4PBA (5 mmol/L) or vehicle (C~*t*~). After 24 h of treatment, mitochondrial superoxide was measured as in A. (C) A549 cells stably expressing shTXNIP or shScramble (sh‐NC) were seeded on 6‐well culture plates before treatment with NaBu (5 mmol/L), 4PBA (5 mmol/L), vehicle (C~*t*~), NaBu+antimycin (Anti) (a complex inhibitor that inhibits mitochondrial superoxide generation) or 4PBA+Anti for 24 h. The cell viability was then analyzed by an MTT assay. (D) Western blotting was used to measure P21,*γ*H2AX and TXNIP expression in TXNIP‐knockdown (shTXNIP) or scramble (shNC) A549 cells after 24 h of treatment with 5 mmol/L NaBu or 4PBA. GAPDH was the loading control. The results in all of the histograms are the means ± S.D. for three independent experiments. C~*t*~, control; 4PBA, sodium phenylbutyrate; NaBu, sodium butyrate. \*represents *P* \< 0.05.](CAM4-6-424-g005){#cam4977-fig-0005}

Discussion {#cam4977-sec-0021}
==========

Cell cycle‐associated genes are significantly downregulated in NaBu‐treated A549 cells {#cam4977-sec-0022}
--------------------------------------------------------------------------------------

The anti‐tumor activity of NaBu and 4PBA has been previously reported in colorectal cancer cells and human prostate cancer cells [11](#cam4977-bib-0011){ref-type="ref"}. Here, we show that NaBu treatment (5 mmol/L) greatly induced A549 cell death after 72 h of treatment, which was significantly different from 4PBA treatment (5 mmol/L), although it also induced A549 cell death (Fig. [1](#cam4977-fig-0001){ref-type="fig"}A--C). These results suggest that NaBu or 4PBA might also be used for the treatment of non‐small‐cell lung cancer, the most common type of lung cancer and the leading cause of cancer‐related mortality worldwide [23](#cam4977-bib-0023){ref-type="ref"}. Gene expression changes are one of key characteristics for histone inhibitors [7](#cam4977-bib-0007){ref-type="ref"}, [11](#cam4977-bib-0011){ref-type="ref"}, [24](#cam4977-bib-0024){ref-type="ref"}. We therefore systematically investigated via a gene expression microarray the gene transcription changes in A549 cells undergoing NaBu or 4PBA treatment. We found that more than 100 cell cycle‐associated genes were significantly downregulated in NaBu‐treated cells,however, few cell cycle genes were slightly downregulated in 4PBA (Fig. [1](#cam4977-fig-0001){ref-type="fig"} and Fig. S2). Although previous papers have also shown that NaBu downregulates cell cycle‐associated gene expression in other cell lines or species [25](#cam4977-bib-0025){ref-type="ref"}, [26](#cam4977-bib-0026){ref-type="ref"}, [27](#cam4977-bib-0027){ref-type="ref"}, the ranges of expression downregulation and the number of downregulated genes are relatively lower than ours. A possible explanation for that might contribute to the cell type‐dependent response to NaBu treatment. 4PBA‐treated cells only downregulated a small number of cell cycle genes, which is obviously different from the treatment with NaBu (Figs. [1](#cam4977-fig-0001){ref-type="fig"}, [2](#cam4977-fig-0002){ref-type="fig"}, S1 and S2). This difference possibly indicates that NaBu and 4PBA participate in cellular events through different molecular pathways. NaBu and 4PBA induce insulin‐like growth factor 2 (somatomedin A) (IGF2) 31‐fold and 48‐fold (Fig. S1 and S2), respectively. IGF2 is a mitogenic polypeptide that is abundantly expressed in the brain, especially in the cortex and hippocampus, and is required for memory consolidation and enhancement [28](#cam4977-bib-0028){ref-type="ref"}.

4PBA might have potential side effects during tumor treatment by inducing high level expression of oncogenes which are not or slightly induced under NaBu treatment {#cam4977-sec-0023}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

S100 calcium‐binding protein A9 (S100A9) was significantly upregulated by 4PBA (Fig. S2) and can promote breast cancer development by increasing migratory and invasive phenotypes and by forming a complex with S100A8, which plays a crucial role in psoriasis‐like skin disease and inflammation [29](#cam4977-bib-0029){ref-type="ref"}, [30](#cam4977-bib-0030){ref-type="ref"}. The proinflammatory chemokine interleukin 8 (IL‐8), which is involved in the chemoattraction and activation of neutrophils during the immune response and also has growth angiogenic and mitogenic effects in a variety of cancers, including prostate, ovarian, melanoma and carcinoma [31](#cam4977-bib-0031){ref-type="ref"}, [32](#cam4977-bib-0032){ref-type="ref"}, [33](#cam4977-bib-0033){ref-type="ref"}, [34](#cam4977-bib-0034){ref-type="ref"}, was induced more than sixfold by 4PBA, but less than twofold by NaBu (Fig. S1 and S2). Thymosin beta 15A (TMSB15A), a predictor of chemotherapy response in triple‐negative breast cancer, was significantly induced by sodium phenylbutyrate (Fig. S2) [35](#cam4977-bib-0035){ref-type="ref"}. Taken together, the induction of genes by 4PBA treatment might produce potential side effects during the treatment of the non‐small‐cell lung cancer.

Enhancement of histone acetylation and trimethylation modification induced by NaBu or 4PBA is a marker of gene expression activation {#cam4977-sec-0024}
------------------------------------------------------------------------------------------------------------------------------------

As inhibitors of histone deacetylase, NaBu and 4PBA have been shown to enhance histone acetylation in many previously published papers. H4K5 acetylation is a marker of histone H4 hyperacetylation and a reliable predictor of actively transcribed genes [36](#cam4977-bib-0036){ref-type="ref"}, [37](#cam4977-bib-0037){ref-type="ref"} and is also associated with embryo development [36](#cam4977-bib-0036){ref-type="ref"}, fear memory formation, and learning [37](#cam4977-bib-0037){ref-type="ref"}. Although previous research has reported that mice chronically treated with NaBu can restore the H4K5 acetylation which was inhibited by isoflurane administration [38](#cam4977-bib-0038){ref-type="ref"}; a direct observation has not been reported. In our study, both NaBu and 4PBA enhanced H4K5 acetylation; this is, to the best of our knowledge, the first such report (Fig. [4](#cam4977-fig-0004){ref-type="fig"}). H3K9 acetylation, which is also associated with gene transcriptional activation [39](#cam4977-bib-0039){ref-type="ref"}, [40](#cam4977-bib-0040){ref-type="ref"}, could be enhanced by NaBu or 4PBA treatment in A549 cells. In addition to gene transcriptional activation, H3K9 acetylation is also involved in the pluripotency of embryonic stem cells [39](#cam4977-bib-0039){ref-type="ref"}, [40](#cam4977-bib-0040){ref-type="ref"} and UV‐induced DNA damage [41](#cam4977-bib-0041){ref-type="ref"} and ameliorates the memory impairment that is induced by brain iron overload [42](#cam4977-bib-0042){ref-type="ref"}. The above information suggests that NaBu or 4PBA might participate in those events by controlling the H3K9 acetylation level of target genes. Histone trimethylation is associated with both gene activation and gene repression. Trimethylations on K4 of histone H3 (H3K4me3) are associated with gene activation, which is enriched around transcriptional start sites (TSSs). The trimethylations on K9 and K27 of histone H3 (H3K9me3 and H3K27me3, respectively), which are associated with gene silencing and heterochromatin structures [43](#cam4977-bib-0043){ref-type="ref"}, [44](#cam4977-bib-0044){ref-type="ref"}, were not affected by either NaBu or 4PBA treatment; however, the trimethylation modification of H3K4 was greatly upregulated (Fig. [4](#cam4977-fig-0004){ref-type="fig"}). Taken together, those results indicate that both 4PBA and NaBu play a role in gene transcriptional activation.

TXNIP is an important regulator of the NaBu‐mediated signaling response {#cam4977-sec-0025}
-----------------------------------------------------------------------

TXNIP, forming a complex with HDAC1 and HDAC3, binds and regulates target gene expression [18](#cam4977-bib-0018){ref-type="ref"}. Because HDAC1 and HDAC3 are associated with histone modification, we thus knocked down TXNIP. We found a significant increase in H4K5 acetylation and H3K4 trimethylation in cells undergoing NaBu, but not 4PBA treatment compared to those in the wild type (Fig. [4](#cam4977-fig-0004){ref-type="fig"}C and D). This result implies that NaBu‐induced H4K5 acetylation and H3K4 trimethylation are TXNIP dependent and TXNIP might exert its role by regulating HDAC activity. WDR5 is involved in H3K4 trimethylation modification; we further found that TXNIP knockdown promotes WDR5 expression after NaBu treatment, but not after 4PBA treatment. This result might suggest a novel pathway controlling NaBu‐enhanced cell H3K4 trimethylation. We also observed that under TXNIP overexpression, NaBu‐ and 4PBA‐treated A549 cells could significantly upregulate mitochondrial superoxide generation (Fig. [5](#cam4977-fig-0005){ref-type="fig"}A). These results are consistent with those of previous studies [45](#cam4977-bib-0045){ref-type="ref"} but contradict the finding that 4PBA inhibits the production of ROS from activated microglia [46](#cam4977-bib-0046){ref-type="ref"}. This difference suggests that 4PBA‐induced ROS generation might be a cell type or concentration dependent. Because TXNIP is a regulator of ROS generation, inflammasome activation and oxidative stress [47](#cam4977-bib-0047){ref-type="ref"}, [48](#cam4977-bib-0048){ref-type="ref"}, the enhancement of mitochondrial superoxide generation in A549 cells under TXNIP overexpression is expected (Fig. [5](#cam4977-fig-0005){ref-type="fig"}B); however, there was a significant enhancement of mitochondrial superoxide in cells with TXNIP knockdown under NaBu treatment, but not under 4PBA treatment (Fig. [5](#cam4977-fig-0005){ref-type="fig"}C). A similar result has been reported in previous studies, in which TXNIP deficiency induced H~2~O~2~ and superoxide during LPS‐induced inflammation in macrophages [49](#cam4977-bib-0049){ref-type="ref"}. Based on the above observation, we argue that TXNIP might negatively regulate mitochondrial superoxide generation. It will be interesting to further investigate the association between the basal level of TXNIP and mitochondrial superoxide generation. 4PBA‐mediated cell death and mitochondrial superoxide generation can be restored by antimycin treatment, indicating that mitochondrial superoxide is the main contributor to A549 cell death. We found that caspase 3/7 activation could be regulated by modulating TXNIP expression and mediating NaBu‐induced A549 cell death (Fig. [3](#cam4977-fig-0003){ref-type="fig"}). These results indicate that NaBu induced A549 cell death in a TXNIP‐dependent manner; in contrast, the 4PBA could not significantly induce caspase 3/7 activation after TXNIP knockdown, suggesting that it acts in a TXNIP‐independent manner. TXNIP‐mediated NaBu‐induced cell death may also occur by increased P21 expression and increased DNA damage response (Fig. [5](#cam4977-fig-0005){ref-type="fig"}D)

Together, we identified TXNIP as an important regulator of NaBu‐mediated cell death and other investigated responses in comparison with 4PBA.
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